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The emerging disease SARS is caused by a novel coronavirus that encodes
several unusual RNA-processing enzymes, including non-structural protein
15 (Nsp15), a hexameric endoribonuclease that preferentially cleaves at
uridine residues.' How Nsp15 recognizes and cleaves RNA is not well
understood and is the subject of this study. Based on the analysis of RNA
products separated by denaturing gel electro]',lvhoresis, Nsp15 has been
reported to cleave both 5 and 3’ of the uridine. 2 We used several RNAs,
including some with nucleotide analogs, and mass spectrometry to
determine that Nspl5 cleaves only 3’ of the recognition uridylate, with
some cleavage 3’ of cytidylate. A highly conserved RNA structure in the 3’
non-translated region of the SARS virus was cleaved preferentially at one of
the unpaired uridylate bases, demonstrating that both RNA structure and
base-pairing can affect cleavage by Nsp15. Several modified RNAs that are
not cleaved by Nsp15 can bind Nsp15 as competitive inhibitors. The RNA
binding affinity of Nspl5 increased with the content of uridylate in
substrate RNA and the co-factor Mn?*. The hexameric form of Nsp15 was
found to bind RNA in solution. A two-dimensional crystal of Nsp15 in
complex with RNA showed that at least two RNA molecules could be
bound per hexamer. Furthermore, an 8.3 A structure of Nspl5 was
developed using cyroelectron microscopy, allowing us to generate a
model of the Nsp15-RNA complex.
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Introduction

Severe acute respiratory syndrome (SARS) is an

The roles of these putative RNA processing
proteins in SARS-CoV infection remain to be
elucidated. Bhardwaj et al. and Ivanov et al.

economically important emerging health threat.
SARS is caused by a novel coronavirus, SARS-CoV,
which has a ~30 kb, capped and polyadenylated
positive-strand RNA genome.*® The genome of
coronaviruses code for several proteins not usually
found in RNA viruses, including enzymes that
putatively function in RNA processing.® These
proteins include: Nspl4, an exonuclease and
Nsp15, which has similarities to the U16 SnoRNA
processing endonuclease, XendoU.”/

Abbreviations used: SARS, severe acute respiratory
syndrome; MALDI-TOF, matrix-assisted laser
desorption/ionization time-of-flight; TLC, thin-layer
chromatography.

E-mail address of the corresponding author:
ckao@tamu.edu

demonstrated independently that the recombinant
Nspl5 protein of the SARS-CoV produced in
Escherichia coli has endoribonuclease activity that
preferentially cleaves RNAs at uridylate in a
reaction stimulated by Mn?+.!1'2 Furthermore, a
single-nucleotide mutation in the Nspl5 gene of
the human coronavirus prevented viral RNA
accumulation, suggesting that Nspl5 is required
for successful viral infection.! A more thorough
analysis of mutations in the Nsp15 ortholog of the
related Arterivirus revealed that several muta-
tions, including those in the putative active site,
reduced viral plaque formation, but did not
abolish infection in cultured cells.” In contrast,
several other mutations prevented infection and
reduced subgenomic RNA accumulation. It is thus
likely that Nsp15 may have more than one role in
the infection cycles of coronaviruses and its
relatives.

0022-2836/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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A number of mechanistic questions remain con-
cerning how Nspl5 recognizes and cleaves RNA.
First, it is not clear what features in the RNA can
direct higher affinity recognition of the RNA
substrate. While Bhardwaj et al. observed that
single-stranded RNA (ssRNA) is preferred for
cleavage, Ivanov et al. proposed that the preferred
substrate is double-stranded RNA (dsRNA).!-?
Second, Guarino et al. demonstrated that Nspl5
exists as a hexameric structure (a dimer of trimers),
whose formation is correlated with endoribonu-
clease activity.® This raises the question of whether
hexamers are required for RNA binding. Third,
whether Mn?* participates in cleavage or RNA
binding has not been determined. Lastly, there is a
discrepancy in the literature about the activity of
Nsp15. Ivanov et al. concluded that Nspl5 cleaves
both 3’ and 5’ of a uridine base in structured RNA,
while Bhardwaj et al. reported cleavage 5 of the
uridine.!’? In both of these reports, the claim of 5’
cleavage was based primarily on the migration of
the RNAs relative to molecular mass markers in
denaturing polyacrylamide gels. Additional analy-
sis of RNA recognition and cleavage by Nspl5 is
thus needed to define its mechanism of action.

In this work, we used a series of RNAs, including
some with specific modifications to probe RNA
binding and RNA cleavage by Nsp15. We demon-
strated that Nsp15: (1) cleaves 3’ of target uridylate,
and 3’ of cytidylate in the appropriate sequence
context; (2) preferentially cleaves at uridylate bases
that do not participate in base-pairing; (3) has higher
affinity for RNAs that have consecutive uridylate
bases; (4) uses Mn?* to enhance RNA binding; (5)
binds RNA at the interface of the dimers of trimers;
(6) contains grooves that could accommodate RNAs
at the interfaces of the trimers of dimers. Lastly, we
used a real time cleavage assay to examine substrate
recognition by Nsp15 in vitro and identified several
competitive inhibitors of Nsp15.

Results

Ribose-modified RNAs

We used modified RNAs to examine the mechan-
ism of RNA recognition and cleavage by Nsp15. The
16 nt RNA named R16.4 was used as a prototype,
since it contains only one uridylate and its cleavage
product can be resolved easily on a denaturing gel
(Figure 1(a)). Radiolabeled R16.4 was readily
cleaved by wild-type Nsp15, but not by a catalyti-
cally inactive mutant, H234A (Figure 1(a)). Notably,
the cleavage product migrated as a 12 nt RNA in a
denaturing gel with single nucleotide resolution.
Furthermore, analysis of the kinetics of cleavage
revealed that its K, was 36.4(£6.7) uM and the V .
was 0.15(0.03) pM/min in three independent
experiments (Figure 1(b) and Supplementary Data
Figure 1).

A 12 nt product corresponds to cleavage 5’ of the
uridylate by Nspl5 (Figure 1(a)). However, since
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Figure 1. RNA cleavage by the SARS-CoV Nspl5. (a)
The image from a denaturing 20% polyacrylamide gel
shows radiolabeled R16.4 treated over time with Nsp15 or
with the inactive mutant H234A. At the time-point
designated above the appropriate lane, an aliquot of the
reaction was removed and stored in a sample dye
containing urea until the entire set had been collected.
The sequence of RNA R16.4 is shown above the gel image.
The only uridylate, at position 13, is in a larger font and
underlined. We note that the major cleavage product
migrated in the gel as a 12 nt RNA in this gel electrophor-
esis system. (b) Quantification of the amount of uncleaved
RNA over a period of 1 h. The results from the gel image
were quantified by use of a phosphorimager and plotted.
Tso and T represent the time required to cleave 50% and
70% of substrate, respectively. (c) Analysis of the effects of
ribose and phosphodiester modifications on the kinetics of
Nsp15 cleavage. The sequence of unmodified R16.4 is
shown in its entirety. For the other RNAs, only the residues
surrounding the modifications are shown. m denotes a 2’-
methoxy group and f denotes a 2’-fluoro group. p denotes
a phosphodiester and s denotes a phosphorothioate. T5
and T, values for each RNA were derived from plots of the
amount of products formed over a 1 h time-course.

XendoU cleaves only 3’ of the uridylate, ! we
examined whether ribose C2’ modifications would
affect cleavage. A version of R16.4 with every ribose
methylated at the C2’ position, named mR16.4, was
not cleaved significantly over the 1 h course of the
experiment, while the time required to cleave half of



SARS Virus Endoribonuclease

245

the unmodified R16.4 (T5p) was 14 min (Figure 1(c)).
Furthermore, RNAs with U13 modified with a 2’-
methoxy or a 2'-fluoro group (RNAs mU13 and
fU13, respectively), were not cleavage by Nspl5
(Figure 1(c)). Next, we determined whether methy-
lation of the neighboring nucleotides (mC12 and
mA14) affected cleavage. The T, for mC12, and
mA14 was 12 min and 14 min., respectively, which is
similar to that for R16.4 (Figure 1(c)). These results
indicate that only the ribose in the target uridylate
influences cleavage at that nucleotide.

Phosphodiester modifications

We further investigated whether phosphorothio-
ates adjacent to the target uridine would affect
cleavage. RNA PT12, with a phosphorothioate
immediately 5’ of U13, was cleaved at a rate similar
to R16.4, while PT13, with a phosphorothioate
immediately 3’ of Ul3, was resistant to cleavage
(Figure 1(c)). Phosphorothioates involving non-
bridging sulfur atoms could exist as two chiral
forms and, since PT13 was not noticeably cleaved,
both isomers inhibited cleavage. The addition of
cadmium to 1 mM did not rescue cleavage of PT13,
suggesting that the defect was not due to the
inability of the 3’ phosphorothioate to bind Mn?*
(data not shown). The interaction of non-cleavable
RNAs with Nsp15 will be addressed below.

The reduced cleavage observed with PT13 and
RNAs with modifications of the C2’ ribose in U13
suggests that cleavage occurs 3’ of uridylate, as
proposed by Ivanov et al.! However, the claim that
cleavage can occur 5 of the uridylate was not
supported by the data obtained with mC12 and
PT12.12 Because this conclusion was based solely on
the mobility of the bands in denaturing gels, which
could have been affected by RNA conformation, we
decided to re-evaluate whether cleavage can occur
5’ of the uridylate.

The 3' cleavage by Nsp15

To further analyze whether Nspl5 cleavage
occurred 5’ or 3’ of the uridylate, or both, we
subjected the cleavage products of R16.4 to mass
spectrometry. Matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spec-
trometry analysis of the untreated R16.4 revealed a
peak at 5162 Da and its doubly charged species
showed a peak at 25829 Da (Figure 2(a), upper
panel). When treated with Nspl5, the peak of
5162 Da was reduced and peaks at 4239 Da
appeared that would correspond to a 13 nt
cleavage product containing a 3’ phosphate group
(Figure 2(a), lower panel). No significant peak
could be seen in the region below 900 Da (data not
shown). The additional ion of 2120.9 Da is likely a
doubly charged version of the 4239 Da ion. The
mass spectrometry results demonstrate that Nsp15
cleaves only 3’ of the uridylate. We did not observe
an ion that would correspond to the 13 nt cleavage
product containing a cyclic phosphodiester. How-

5150.2 Da
(a) 4226.6 Da 941Da
R16.4: 5GAAGCGAAACCCU-p HO-AAG 3

100
Fy @ <
- 2 g
o 50 N 5
£
o
S T Al
100
> <
3 - :
c @ 4 o
S 50 s 2 N N
£ N N ©
° n
o~
° 0 4 " ,,i b T ,
899 1923 2947 3971 4995 6019
Mass (m/z)
<E

(b) 3 3

pCU_ A pCUA =2 Q

Enz: ¢ Nsp15 ¢ Nsp15 RNase A
Min: 60 5 20 60 60 5 20 60 20 20

dhayl | |11 ER
-pC>p

Figure 2. Cleavage 3’ of uridylate. (a) R16.4, untreated
(upper panel) and treated with Nsp15 (lower panel). The
spectra show both the singly ionized product and the
doubly ionized product, which is half of the mass of the
former. The expected mass of untreated R16.4 is 5150.2 Da
and cleavage 3’ of the Ul3 position should generate
products of 4210.6 Da and 939.6 Da. (b) Cleavage of
pCpUpA is inhibited by a modification in the uridine
ribose 2’-OH. The oligonucleotide substrates were radi-
olabeled at its 5 phosphate group using phage T4
polynucleotide kinase reactions containing [y->*P]ATP.
The time when the reaction was terminated is given in
minutes. The presence of no enzyme (¢), Nsp15 or RNase
A is noted above the corresponding reaction on the image
of the TLC plate. The identities of the cleavage products
are labeled to the right of the TLC image.

ever, the treatments of the RNA to ensure ioniza-
tion could have affected the integrity of the cyclic
phosphodiester.

To confirm that Nsp15 cleavage occurred 3’ of the
target uridylate, we analyzed Nsp15 cleavage using
short oligonucleotide substrates and thin-layer
chromatography (TLC). This strategy has been
used to detect cleavage products generated by
endoribonucleases.!’ RNase A, which cleaves 3’ of
uridylate and cytidylate and leaves a 2’-3’ cyclic
phosphodiester, was used as a control.!? The
trinucleotide substrate pCpUpA was radiolabeled
at the 5" end. Cleavage of this substrate by Nsp15 3’
of the only U should release a radiolabeled 2 nt
product, while the 5’ cleavage would generate a
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radiolabeled 1 nt product that should co-migrate
with the 1 nt radiolabeled product of RNase A
(Figure 2(b)). The product released by Nspl5
migrated closer to the input 3-mer than the RNase
A product, consistent with cleavage only 3’ of
uridylate (Figure 2(b)). Additionally, modification
of the uridine C2’'with a methoxy group prevented
cleavage of CUA by Nspl5, while RNase A still
generated the expected 1 nt product (Figure 2(b)).
Also, cleavage of another trinucleotide, pGpUpA,
with either Nspl5 or RNaseA generated a 2 nt
product but pGpU remained unaltered, demonstrat-
ing that both RNase A and Nspl5 cleaved 3’ of
uridylate (data not shown). Thus, analysis of multi-
ple substrates demonstrated that Nsp15 cleaves only
3’ of the target uridine.

Neighboring residues

Ribonucleases often prefer certain cleavage sites
based on the context of the target nucleotide.!?
Therefore, we examined whether nucleotides adja-
cent to uridylate could influence cleavage. RNA
R16.4 (with the sequence of CUA from nucleotides
12 to 14) and its derivatives were all predicted by
mfold to lack a stable structure (data not shown).!*
Substitution of the 5" neighbor of the target
uridylate with G or A had only modest effects on
Nsp15 cleavage (underlined residue in Figure 3(a)).
A ~4-fold reduction in cleavage was observed

when the base 3’ of the target uridylate was
changed from the original A to a G (Figure 3(a)).
Furthermore, C at position 14 (relevant sequence of
-CUC-) resulted in two cleavage products, suggest-
ing that two cleavages took place at the positions
indicated by the backslash: -C/ UC- and -CU/ C
(Figure 3(a)). These cleavages were not observed
with a target sequence of -GUC- or -AUC- (Figure
3(b)). MALDI-TOF mass spectrometry was used
to confirm the Nspl5 cleavage site in the RNA
with the -CUC- target sequence. The spectrum of
untreated RNA showed a single peak of 5126.3 Da
that corresponds well to the calculated mass of the
input RNA (5126.214 Da; Figure 3(c); upper panel).
The Nspl5-treated samples contained additional
peaks of 4209.1 Da and 3902.1 Da, which would
correspond to the 13 nt and 12 nt cleavage
products, respectively. Lastly, ions of 1223.9 Da
and 917.8 Da, are good matches with a 4 nt and a
3 nt cleavage product, respectively (Figure 3(c);
lower panel). All of these results demonstrate that
the identity of the nucleotide immediately 3’ of the
uridylate can influence cleavage by Nspl5. Also,
Nspl5 could cleave at a cytidylate in a certain
sequence context. It is important to note, however,
where Nsp15 did cleave at a cytidylate, it did so 3’
of the cytidylate. Determination of the kinetic
parameters for cleavage at C12 and U13 indicates
that these cleavages occurred at similar rates, with
Kin=15 pM and V,0=0.05 uM/min for cleavage
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Figure 3. Effects of nucleotides adjacent to U13 on Nsp15 activity. (a) Gel images of the products generated by Nsp15
from RNA R16.4 and RNAs with altered residues immediately adjacent to U13. The sequences of nucleotides 12-14 of the
RNAs tested are shown above the gel images. The residues altered from R16.4 are underlined. (b) Gel image showing an
effect of nucleotides immediately upstream of —-UC- on RNA cleavage by Nsp15. R16.4 with C14 was further modified to
contain C, G or an A at the 12th position, indicated above the panel. Kinetic parameters, K,,, and Vy,y, are indicated at the
bottom of the image. (c) MALDI-TOF spectra of untreated (upper panel) and Nspl5 treated (lower panel) R16.4

containing the -CUC- sequence at positions 12-14.
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at C12 and K,,=26.9 pM and V,,.,=0.08 pM/min
for cleavage at Ul3.

Base modifications

How Nsp15 can recognize the target base is not
understood. We used uracil analogs in the context
of R16.4 to examine how Nspl5 specifically
recognizes the target uridine basse. We first tested
the RNA named yU, which has a pseudouridine
base at position 13, which should retain all of the
uridine hydrogen bonding moieties, but has an
additional N1 imino group (Figure 4(a)). $U was
cleaved by Nspl5 at a rate indistinguishable from
that of R16.4 (Figure 4(a)), indicating that the non-
hydrogen bonding face of the uracil is not
important for cleavage. Next, we replaced the C4
carbonyl group of U13 with a thio group in RNA
4SU and found that the Tsy was increased from
13 min to 33 min (Figure 4(a)). Lastly, we replaced
the imino group of the uracil with an N3 methyl
group (N3-Me) and found that cleavage was
abolished (Figure 4(a)). Thus, moieties in the target
uracil are required for cleavage by Nspl5. Since
these moieties would be blocked in a base-paired
portion of the RNA, we hypothesize that Nspl5
will preferentially cleave only sites within unpaired
RNA.

RNA structure and Nsp15 cleavage

We wanted to analyze Nspl5 cleavage in a more
complex, structured RNA molecule. Robertson et al.
recently solved the crystal structure of a highly
conserved 48 nt RNA from the 3’ non-translated
region of the SARS-CoV.!®> This RNA, called s2m,
contains several interesting features, including a
right-angle turn and a 5 nt loop that mimics a
tetraloop (Figure 4(b)). s2m contains a potential
cleavage site in the 5 nt loop at position 25 and in the
right-angle bend at nucleotide 30 (Figure 4(b)). When
s2m was labeled at the 5’ terminus and subjected to
cleavage by Nspl5, a 30 nt product accumulated
over time, indicating preferential cleavage at U30
(Figure 4(c)). A fragment corresponding to U25 was
not detected, perhaps due to other interactions
within the tetraloop, which would protect it. Larger
fragments of ~40-48 nt were detected, which could
correspond to RNAs that were cleaved at U residues
near the 3’ end. When the products were resolved in
a 25% polyacrylamide gel, fragments of 5 nt or 6 ntin
length were detected. These products likely arose
from cleavage of the long helix when the ends frayed
and the exposed uridylate bases became accessible to
Nsp15 (Figure 4(c), lower panel). This observation
explains the apparently non-stoichiometric conver-
sion of the full-length s2m to the 30 nt product
(Figure 4(c)). Significantly, we did not observe
efficient cleavage at base-paired U42, U37 or U9.
Altogether, the results in Figure 4 suggest that Nsp15
cleavage is influenced by RNA structure, and that
only some uridylate bases in the loops of RNA are
cleaved preferentially.
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Figure 4. Effects of base modifications on Nspl5
cleavage. (a) A summary of the uracil analogs tested in
the context of RNA R16.4. The arrows denote the names of
the RNAs with a modified uracil. T5y and T values of
several RNAs with modified uridine bases at position 13
were derived from kinetic assays as described for Figure 1.
(b) A structure of a highly conserved RNA present at the
3’-untranslated region of the SARS-CoV RNA named s2m.
The schematics of the RNA are drawn from the informa-
tion given by Robertson et al.'” (c) Cleavage of S2m by
Nspl5 over a time-course. RNAs of 26 nt and 15 nt
radiolabeled with phage T4 kinase and [**P]ATP were
used as molecular mass markers. The denaturing 15%
polyacrylamide gel on the top was electrophoresed using
conditions that better resolve the longer RNAs while the
denaturing 25% polyacrylamide gel at the bottom retained
the smaller molecular cleavage products generated from
the 5’ end of s2m.

Nsp15-RNA analog interaction

To determine whether the non-cleavable RNA
analogs could interact with Nsp15, we needed to
establish a more convenient and quantitative assay
to monitor its activity. Since Nsp15 has a cleavage
mechanism similar to that of RNase A, we selected
two fluorogenic RNase A substrates that have been
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developed for real time assays, named rU and rC.
Both substrates contain three deoxyribonucleotides
and either a uridylate or a cytidylate as the only
ribonucleotide. In addition, rU and rC both contain a
5" carboxyfluorescein (FAM) and a 3’ fluorescence
resonance energy transfer quencher, tetramethylrho-
damine. Cleavage by ribonuclease is expected to
relieve quenching and increase fluorescence (Figure
5(a)). Fluorescence from these substrates was
recorded continuously at 518 nm, a wavelength
suitable for FAM. As expected, no increase in
fluorescence was observed in reactions containing
rC and Nsp15, even in the presence of Mn?*, since
Nsp15 does not cleave RNAs efficiently at cytidylate,
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Figure 5. Examinations of Nspl5 interaction with
RNA analogs. (a) A real time endoribonuclease assay for
Nsp15. The sequence of the quenched fluorescent sub-
strate named rU (IDT, Coralville, IA) is shown, with
fluorophores FAM and tetramethylrhodamine. The only
ribonucleotide in this construct, uridylate, is in a larger
font and underlined. A second version in which the
uridylate was replaced with ribocytidine (rC) is used as a
control. The fluorescent outputs from the two substrates
were determined in the presence and in the absence of
Mn?*, as indicated to the right of the graph. (b) A graph
demonstrating inhibition of fluorogenic rU substrate
turnover in the presence of increasing concentration of
unlabeled rU (no inhibitor), a 16 nt DNA(D16.4), or R16.4
analogs (PT16 and N3meU). The equation used for the
curve fit is in the box where the effects of various
treatments are summarized: m2 denotes the apparent
K. (c) Image of an SDS/polyacrylamide gel where
kinased RNAs (the identities of which are indicated
above each lane) were crosslinked at 1200 pJ for 3 min to
1 ng of Nsp15. BSA was present at the same concentration.
The letter ¢ is used to indicate that no protein was added
in that reaction.

except in a specific sequence context (Figure 3). Some
fluorescence was observed with rU in the absence of
Mn?+, but the addition of Mn?2* increased the rate of
cleavage significantly (Figure 5(a)). The role of Mn%*
in Nsp15 activity will be addressed later. Further-
more, the addition of the inactive mutant H234A
resulted in only a minimal change in the fluorescent
emission over the same time-course (data not
shown). These results demonstrate that the assay
can be used to examine the effects of competitors.

Next, we wanted to determine whether the modi-
fied RNAs that are not cleaved efficiently by Nsp15
can act as inhibitors of rU cleavage by Nsp15. To
allow a quantitative comparison of the results, we
determined the rate of cleavage of rU in the presence
of increasing concentrations of a non-fluorogenic
version of rU and fitted the data to the equation in
Figure 5(b), as was done for characterization of
RNaseA activity.'® The apparent K, for rU can be
determined from the value m2, which was 169 pM.
This value was changed only minimally when the
reaction was challenged with of a DNA (1 pM)
version of R16.4, D16.4. When R16.4 was present at
50 nM in the assay (a value approximating the ICs),
the amount of unlabeled rU required to decrease the
turnover of fluorogenic rU substrate by 50% was
reduced by ~50-fold, to 2.4 uM (Figure 5(b)). Similar
effects were seen with the poorly cleavable analogs
PT13, mR16.4, and N2MeU (Figures 1(c), 4(a), and
5)); and data not shown).

A crosslinking assay was used to confirm that
Nsp15 could bind non-cleavable RNAs. Nsp15 was
crosslinked individually to kinased RNAs by UV
irradiation and then electrophoresed in a denaturing
polyacrylamide gel. Radiolabeled bands corre-
sponding to the Nsp15-RNA complex were detected
at varying abundances with all of the analog-
containing RNAs (Figure 5(c)). No crosslinking was
observed with BSA present at the same concentra-
tion in a parallel reaction. Together with the results
from the fluorogenic assays, these results confirm
that the derivatives of R16.4 that cannot be cleaved
efficiently retain the ability to interact with Nsp15,
albeit to different extents.

Nsp15-RNA interaction

Since Nspl5 prefers to cleave RNAs containing
uridylate, we examined whether the number of
uridines in an RNA affect binding by Nsp15. First,
we compared the ability of 16-mer oligonucleotides,
composed entirely of adenylate (rA16) or uridylate
(rU16), to inhibit Nsp15 activity in the fluorogenic
assay. The kinetics of inhibition was biphasic for both
RNAs, but rUl6 was 3.5-fold more effective in
inhibiting Nsp15 cleavage (ICsy of 15 nM and K; of
2.3 nM) than rA16 (ICsq of 53 nM and K; of 7.6 nM)
(Figure 6(a)), indicating that Nspl15 has a higher
affinity for RNA containing uridylate. We examined
the ability of wild-type and a catalytically defective
Nsp15, H234A, to be crosslinked to radiolabeled
rU16 and/or rA16. When the crosslinked products
were resolved by SDS-PAGE, we observed that
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Figure 6. Nsp15-RNA interac-
tion. (a) Inhibition of rU cleavage
assay by RNAs rA16 or rUl6. In-
creasing amounts of competitor
RNAs (rA16 or rU16) were added
to the reactions, allowed to equili-
brate for 10 s and monitored for
rate of cleavage. (b) Image of an
SDS/polyacrylamide gel where
kinased RNAs (identities of which
are indicated above the lanes) were
RNA UV-crosslinked as described above

to 500 ng of either WT or H234A
mutant proteins. The mix con-
tained an equal amount of BSA as
a control for non-specific cross-
linking. (c) Analysis of H234A-
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mutant H234A crosslinked well with rU16, but not to
rAl6, suggesting that binding to rU16 was preferred
even in the absence of RNA cleavage (Figure 6(b)).
We note that in this assay it is more useful to compare
the crosslinking results obtained with H234A, since
wild-type Nsp15 would digest rU16, hence resulting
in a lack of signal with rU16 (Figure 6(b)).

We used fluorescence spectroscopy to determine the
affinity of Nspl5 to RNA containing or lacking
uridylate. Fluorescein-labeled RNAs F16.3 and F16.6
containing four cytidylates or four uridylates, respec-
tively, were synthesized for anisotropy measurements
in the presence of increasing concentrations of H234
(Figure 6(c)). We observed a significant anisotropy
change in response to increasing concentrations of
H234A (Figure 6(c)). The dissociation constant derived
by fitting the data to the Hill equation shows Nsp15
has a K4 of 287 nM for F16.6 (with four uridylate bases)
and of 603 nM for F16.3 (with four cytidylate bases).
Both RN As were bound with Hill coefficients in excess
of 2.0, indicating cooperativity (Figure 6(c)). Please
note that in these calculations, we did not assume that
Nsp15 exists as a hexamer.®

Role of Mn?* in Nsp15 activity

Given that ribonucleases that act through the
formation of a 2’-3’ cyclic phosphodiester do not
require divalent metal for cleavage, and that Nsp15
endoribonuclease activity is stimulated by Mn?*, we
hypothesize that Mn?* affects Nsp15 binding to the
substrate RNA. Radiolabeled rU16 was crosslinked

D o - BNA

RNA interaction using fluores-
cence anisotropy. The anisotropy
change was measured with increas-
ing concentrations of H234A. Each
datum point represents the average
of ten anisotropy values. The K for
the interaction and Hill coefficient
(H.C) were derived from the binding
isotherm using the Hill equation,
as described in Materials and
Methods. (d) SDS-PAGE image of
radiolabeled rU16 crosslinked to
H234A in the presence of increasing
concentrations of MnCl,.

- Complex

.1.05.01

to the H234 mutant in the presence of increasing
concentrations of Mn?*. Crosslinking was increased
dramatically with concentrations of Mn?* of 5 mM
or higher (Figure 6(d)), consistent with our previous
observation that the K4 for Mn?* was ~5 mM.?
These results indicate that Mn?* likely affects Nsp15
binding to RNA.

The hexameric form of Nsp15 binds RNA

Nsp15 can exist in solution in equilibrium as a
monomer, a trimer, and a hexamer.> The hexame-
ric state is the one that correlates with enzymatic
activity.> We wanted to address which form of
Nspl5 binds RNA. To facilitate detection, a 5’
biotinylated RNA containing ten uridylate bases
(U10) was used. The catalytically inactive mutant,
H249A, was mixed with U10 at a molar ratio of
1:1.5 and subjected to gel-filtration chromatogra-
phy. The elution profile of H249A revealed peaks
at the expected hexamer, trimer, and monomer
locations in fractions 23-25, 26-29, and 30-33,
respectively (Figure 7(a)).® The presence of Nspl5
in these fractions was confirmed by SDS-PAGE
(Figure 7(b)). RNA U10 subjected to gel-filtration
chromatography in the absence of H249A eluted
primarily in fractions 36-41 (Figure 7c)), the
position expected for a short RNA oligonucleotide.
However, in the presence of H249A, U10 was
enriched in fractions 22-26, which contain Nsp15
hexamers, with some of it trailing in the fractions
containing trimers. U10 was absent from the fractions
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containing monomeric Nspl5 (Figure 7(d)). These
results suggest that the hexameric form of Nsp15 is
the one that binds RNA.

An 8.3 A structure of Nsp15

Previously, we published a ~21 A structure of
negatively stained Nsp15, but we sought to obtain a
higher resolution structure of Nspl5 using cryo-
electron microscopy (EM), and to integrate the
biochemical information concerning Nspl15-RNA
interaction with a model for the structure of Nsp15.
Cryo-EM is advantageous for structure determina-
tion, since it does not involve staining with specific
dyes that could reflect a bias for dye accumulation.

Cryo-EM images of Nsp15 of corresponding areas
but with different degrees of defocus were taken. The
defocus in Figure 8(a) is 1 pm, which has very low
contrast. The contrast of the particles is higher when
subjected to a greater (3 um) defocus (Figure 8(b)),
and this view is useful for selecting individual
particles. A total of 30,000 individual particles were
used for contrast transfer function correction. After
eight cycles of refinement using the 3D reconstruc-
tion of negatively stained Nsp15 as an initial model,
the structures converged as judged from Fourier
shell correlation (FSC, Figure 8(c)). An EOTEST
(thick line in Figure 8(c)) shows the resolution is
8.3 A. There was good correlation between the class
averages and reprojections from the final 3D
reconstruction (Figure 8(e)). Importantly, the pri-
mary structure is that of a hexamer arranged in the
form of a dimer of trimers, corroborating the
structures observed previously.> However, this
data set is more complete than that used for image

construction by Guarino et al.®> and revealed sig-
nificantly more features of the hexamer; nearly all of
the potential particle orientations were observed, as
represented by the asymmetric triangle in Figure
8(d). (A comparison of the reconstructed 21 A and
8.3 A structures is provided as Supplementary Data
Figure 2.) Class averages of different orientations of
the Nsp15 hexamer were obtained to allow for the
reconstruction of the 3D model for Nsp15 (Figure
8(e)). The final reconstructed model is shown in
Figure 8(f), with each subunit represented in a
different color. We note that each subunit contains
two larger domains and one or two smaller domains.
The two trimers are apparently connected in a tail-to-
tail orientation through one of the smaller domains.
Also, the channel visible in the top view of the
hexamer is smaller in the higher resolution structure
(Supplementary Data Figure 2). Finally, the Nsp15
hexamer apparently lacks long a-helices, since these
secondary structures should be apparent at 8.3 A
resolution.'”

RNA substrate binding at the inter-trimer
interface

The structure of Nsp15 alone suggests that it could
either bind RNA through the top of the trimer,
where there is a depression, or between the
interfaces of the dimer of trimers, where a number
of grooves exist. To determine how Nspl5 recog-
nizes RNA, we used the lipid monolayer method to
produce 2D crystals of Nsp15 K289A in the presence
or in the absence of RNA. K289A was selected
because it is catalytically inactive and forms
hexamers efficiently.> For ease of manipulation,
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Figure 7. Analysis of Nsp15-RNA complex. (a) Gel-filtration profile of the catalytically inactive Nsp15 mutant, H249A
in the presence (unbroken line) or in the absence (broken line) of biotin-labeled RNA U10. The positions where hexamer,
trimer and monomer elute were characterized by Guarino et al.® (b) Individual gel-filtration fractions on SDS-PAGE. (c)
Slot blot of gel filtration fractions obtained when Nsp15 and RNA subjected to UV crosslinking were passed through the
column. (d) Slot blot analysis of gel-filtration fractions performed with only RNA. Fraction numbers are indicated above
the gel and blots. The RNAs in the blots were detected by probing with horse-radish peroxidase-conjugated streptavidin

and developed using enhanced chemiluminiscence.
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Figure 8. Cryo-EM 3D reconstruction of Nsp15 K289A. (a) Close to focus (1.5 um) image of Nsp15. (b) Far-defocus
(5.5 um) image of the same area. (c) Refinement process monitored by Fourier shell correction. EOTEST is shown as a thick
line. (d) The asymmetric triangle shows the orientation of the particles. (e) Upper row: class average of the particles;
bottom row: reprojection from the final 3D model. (f) Surface display of the 3D structure, showing the six subunits in
different colors. The figures to the left and right are the top and side views of the hexamer.

these 2D crystals were stained with uranyl acetate,
which will obscure some features of Nsp15. How-
ever, we were able to detect the location of three
different RNAs in complex with Nsp15. The first is
Stem-loop T, which has tightly compacted structure
that was solved by nuclear magnetic resonance
spectroscopy and demonstrated to interact with
Nsp15.2:18 The second is a 40 bp poly(I:C) synthetic
double-stranded oligonucleotide (Supplementary
Data Figure 3). The third RNA is U16, which binds
well to Nsp15 (Figure 9(a), (b) and (d)). In all of the
crystallization attempts, the RNA was at a tenfold
higher stoichiometry than Nsp15.

Electron crystallographic analysis of Nsp15 lack-
ing RNA shows a homogeneous structure with two
X-shaped Nspl5 hexamers per unit cell (Figure
9(a)-(c)). The unit cell has the dimension of
a=9.3 nm, b=18.7 nm, with y=87.6°. This projection
closely resembles the side-on view of the 3D
structure of Nsp15 that was determined by single-
particle analysis.> However, Nsp15 in complex with
U16 produced lattices with a slightly different unit
cell dimensions and distinct additional densities at
the inter-trimer interface (Figure 9(d); 2=9.6 nm,
b=18 nm, with y=83.8°). The difference in the unit
cell dimensions suggests that RNA binding may
induce a conformational change in Nsp15. Similar
changes in the density distribution were observed in
the presence of Stem-loop T and poly(I:C) (Supple-
mentary Data Figure 3). It is possible that not all
bound RNA molecules are visible in the orientation
we are using, since there is no differentiation of
information along the z-axis in the projection. In any

case, the RNA-related densities are located exclu-
sively at the inter-trimer interface, suggesting that
one binding site is shared between two trimers.

To put the crystal data into a 3D perspective, we
modeled the approximate location of the RNA into
the 3D reconstruction of the cryo-EM structure of
Nspl5 K289A. Nspl5 hexamers contain distinct
grooves. One particularly pronounced groove that
resides between two opposing subunits is related by
2-fold symmetry, and resembles the letter S. This
groove is of sufficient size to accommodate one
molecule of rU16. Figure 10(e) shows two views of
two Ul6 molecules fitted into this groove. It is
possible that even longer RNA molecules could pass
through the groove between the trimers.

Discussion

The goals for this study were to clarify the
mechanism of cleavage by the SARS-CoV Nspl5
and to better understand how it recognizes RNA.
We used several RNAs, including some with
nucleotide analogs, to demonstrate that Nspl5
cleaved 3’ of the specifically recognized uridine,
that the site and rate of cleavage are affected by the
nucleotide 3’ of the uridylate, and that unpaired
uridylate bases are preferred for cleavage. RNAs
that are not cleaved by Nsp15 can retain the ability
to interact with Nspl5 and act as competitive
inhibitors. Furthermore, RNAs with multiple uri-
dine bases had a higher affinity of binding to Nsp15,
and Mn?* enhanced RNA-Nsp15 interaction. Lastly,



252

SARS Virus Endoribonuclease

No RNA
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Figure 9. RNA binding by Nsp15 K289A. (a) Electron micrograph of negatively stained 2D crystal of Nsp15. (b)
Fourier transform of the 2D crystal. (c) The 2D projection of Nsp15 with P2 symmetry. One unit cell is labeled (2=92.9 A,
b=186.7 A, y=87.6°). (d) The 2D projection of Nsp15- in complex with U16 (P2 symmetry, 1=95.8 A, b=179.8 A, y=83.8°).
(e) Two rUl16s are fitted into the grooves present in the interface between the dimers of trimers of a hexameric Nsp15. The

bottom image is rotated by 90° relative to the top image.

RNA is apparently recognized at the interface
between the dimer of trimers in the hexameric
Nsp15 structure, and this complex was modeled into
an 8.3 A structure of Nsp15 determined by cryo-EM
and image reconstruction.

The SARS-CoV Nsp15 protein has been claimed to
cleave both 5" and 3’ of uridylate residues in RNA
through the formation of a 2’-3'cyclic phospho-
diester.! Analysis of the cleavage products by mass
spectrometry and TLC shows that Nsp15 cleavage
occurs only 3’ of uridylate. RNAs containing mod-
ifications 3/, but not 5/, of the cognate uridylate were
not cleaved by Nsp15. The cleavage mechanism is
likely through the formation of 2’-3' cyclic phospho-
diester formation, as predicted by Ivanov et al.! We
have evidence for a 2’-3’ cyclic phosphodiester,
because we could not radiolabel the 3’ end of the
cleaved product unless we first treated it with kinase
and alkaline phosphatase to break the cyclic phos-
phodiester (data not shown). The previous claims of
the 5’ cleavage activity were likely based on the effects
of the 2'-3’ cyclic phosphodiester on migration of the
cleavage products in polyacrylamide gels.!> We also
found that Nsp15 could cleave 3’ of cytidylate when it
was present immediately 5 of -UC-.

Ribonucleases are generally classified into two
groups on the basis of whether they leave a 5" or 3’
phosphate at the cleavage site.!” The former group
includes RNases that cleave base-paired RNAs, such
as the RNase H family and RNases III, while the
latter includes members of the RNase A family that
preferentially cleave unpaired residues, and includes
barnase, RNase T1, and RNase T2.292¢ The two

classes of ribonucleases have very different mechan-
isms. Those that leave a 5’ phosphate possess a metal
ion at the active site.!? In contrast, the ribonucleases
that cleave 3’ of the target residue use two side-
chains at the active site to catalyze acid-base
hydrolysis, leaving a 2’-3’ cyclic phosphodiester.

Our data suggest that Nspl5 has a cleavage
mechanism highly similar to that of RNase A,
XendoU, and RNAse T1. However, unlike these
endoribonucleases, Mn?* can enhance RNA binding
to Nsp15 (Figure 6(d)). This requirement contrasts
with XendoU, which does not depend on Mn?* for
RNA binding.® RNase A and T1 are also known to
not require a co-factor. The concentration of Mn?*
needed for binding in vitro is at least one logarithmic
unit higher than the concentration of Mn?* present
in cells.?””/?8 This suggests that the availability of
Mn?* may regulate Nsp15. Alternatively, the envir-
onment within the cell may reduce the concentration
of Mn?* needed for activity.

Our analysis of the cleavage of the s2m RNA, and
RNAs with analogs in the uracil base, in ribose C2’
positions indicate that Nsp15 the target uridine must
be exposed in single-stranded portions of an RNA.
This is consistent with our previous claim that
Nspl5 preferred unpaired uridylate and is in
conrast to the interpretations offered by Ivanov et
al.! Furthermore, specificity for the uracil is appar-
ently conferred by recognition of moieties in uracil
that participate in Watson—Crick base pairing. The
nucleotide immediately 3’ of the uracil may modify
this interaction to influence the rate of cleavage, and
possibly the site of cleavage (Figure 4(a)). More
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efficient cleavage of the target uridylate was
observed when the immediate 3’ nucleotide is an
adenylate.

In addition to conferring specificity for cleavage,
uridylate bases in RNAs appear to contribute to
binding by Nspl5, as measured by fluorescence
spectroscopy and UV crosslinking studies. We
observed also that co-crystals of Nsp15 with a highly
structured RNA resulted in RNA binding to only one
side of the hexamer, while co-crystals of Nsp15 with
RNA U16 can result in at least two RNA molecules
per hexamer, perhaps due to higher-affinity binding.

The 3D structure as determined by cryo-EM
agrees well with the 3D reconstruction obtained
from negatively stained specimens (Supplementary
Data Figure 2). The overall size and shape of the
molecule, and the relative positions of the two larger
and the two smaller domains of each subunit are
very similar. However, the cryo-EM reconstruction
offers additional detail at the trimer—trimer interface
and displays six connecting protein densities
between the two trimers instead of three (not
counting the central density) in the negatively
stained structure. This difference may be due to
preferential staining.

At first glance, it is curious that the SARS-CoV, a
virus with one of the longest RNA genomes
known, would encode an endoribonuclease. While
an endoribonuclease may be useful in the proces-
sing of the SARS-CoV RNAs and/or in attacking
cellular RNAs, its presence raises the question of
how can Nsp15 be regulated to prevent unintended
cleavage of the viral genome. Some precedence is
provided by the pestivirus endoribonuclease E™,
which is also a structural glycoprotein.?? E™s could
be kept in an inactive form until is it assembled
outside of the viral capsid. We note that the Nsp15
hexamer is the form that binds RNA efficiently
(Figure 6), and that all three Nspl5-RNA co-
crystals have the RNA positioned at the interface
between the dimers of trimers (Figure 9 and
Supplemental Data Figure 3), suggesting that
hexamer formation needs to precede RNA binding,
and that the active site is on the surface of the
hexamer. Also, the specificity required for RNA
cleavage could protect the SARS-CoV RNA, since
not all uridylate bases within an RNA molecule are
equally sensitive to cleavage, as seen with s2m
(Figure 4(c) and (d)D). The complex of Nspl5 and
RNA awaits further structural and biochemical
analysis in order to confirm the proposed model of
interaction (Figure 9(e)).

The complex requirements for Nsp15 to interact
with RNA should allow the use of RNA mimetics
as specific inhibitors of Nspl5. Since several
mutations in Nsp15 orthologs of human corona-
virus and arterivirus resulted in viruses that are
negatively affected in plaque formation and could
lead to abolituon of infection altogether, it should
be possible to inhibit the infection of SARS-CoV.’
The demonstration that the cleavage mechanism of
Nsp15 is similar to RNaseA should allow the
application of technologies adapted for RNaseA. A

fluorogenic assay used for RNase A has already
allowed the continuous monitoring of Nspl5
activity and the characterization of potential
inhibitors.

Materials and Methods

RNAs

Most RNAs were chemically synthesized by Dhar-
macon, Inc. (Boulder, CO). Stem-loop 2 motif RNA
(s2m) was transcribed by phage T7 RNA polymerase as
described.’> All RNAs were purified from denaturing
polyacrylamide gels, quantified by spectrophotometry,
and checked for quality on a denaturing polyacryla-
mide gel. Recombinant Nspl5 protein was expressed
and purified as described.?

Endoribonuclease assays

The standard RNA cleavage assay used 1x10* CPM of
5’-end radiolabeled RNA substrate (I pM final RNA
concentration) and 0.026 uM Nsp15 in 50 mM Tris-HCI
(pH 7.5), 50 mM KCl, 1 mM dithiothreitol, 5 mM MnCl, at
30 °C. Labeling of the Nsp15 substrates was performed as
described.? The endoribonuclease reactions were termi-
nated by the addition of a gel-loading buffer that
contained 7.5 M urea. Products were separated by
electrophoresis in 20% polyacrylamide gels containing
7.5 M urea , unless stated otherwise. Gels were wrapped in
plastic and exposed to a Phosphorlmager screen for
quantification using Molecular Dynamics software. Each
result shown was reproduced in at least one, and usually
two independent experiments.

For kinetic analysis, the assay mixture contained
50 mM Tris -HCI (7.2), 50 mM KCl, 5 mM MnCl, and
1 mM DTT. The reaction was started by addition of
Nspl5 at 30 °C. The cleavage product generated at
various substrate concentrations was quantified at time-
points ranging between 2 min and 20 min. Data were
fit by linear least-squares regression analysis to
determine activity in units of pM/min. Values of K,
and V.« were determined by non-linear least-squares
regression analysis of data fit to the Michaelis-Menten
equation.

The real-time endoribonuclease assay used a substrate
purchased from Integrated DNA Technologies, Inc,
Coralville, IA. The substrate has a 5" fluorophore carboxy
fluorescein (FAM) and a 3’ tetramethylrhodamine that
could quench FAM fluorescence. Of the four nucleotides,
the uridylate or the cytidylate is the only ribonucleotide
while the others are deoxyribonucleotides. The excitation
wavelength was 492 nm, and the maximum emission of
the substrate at 518 nm was determined in the buffer
used for the gel-based assay. Changes in fluorescence
over time were measured using an LS55 spectrometer
(Perkin Elmer, Inc.).

Kinetic characterization of Nsp15 activity

Fluorogenic assays were performed at room tempera-
ture in 50 mM Hepes (pH 7.5), 50 mM KCI, 1 mM DTT
and 5 mM MnCl,. Progress curves at a constant
fluorogenic rU and increasing concentrations of unla-
beled rU were monitored for 90 s with less than 10%
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substrate conversion. To determine the effect of RNA
analogs, reactions were performed in the presence of
50 nM analogs. The data were fit by linear least-squares
regression analysis to determine the rate of reaction.
Values of apparent K,, were determined by non-linear
least-squares regression analysis of data fit to following
equation:

AI/At = (AI/At)o{Km/(Km + [S])}

where (AI/At), is the activity prior to the addition of
unlabeled substrate.'®

Mass spectrometry

For analyzing masses of products generated by Nsp15
endoribonuclease activity, R16.4 was incubated either
with assay buffer or Nspl5 under standard assay
conditions and then extracted with phenol/chloroform.
The aqueous layer was passed through Zip Tip C18
(Millipore) in 200 mM triethanol ammonium acetate
(TEAA), pH 7.0. The Zip Tip was washed twice with
200 mM TEAA (10 ul each wash) followed by two washes
with 20 mM TEAA (10 ul each wash). Elution was done
with 10 pl of 50% (v/v) methanol. Mass spectra were
acquired on a Voyager-DE STR mass spectrometer
(Applied Biosystems, Framingham, MA).

Thin-layer chromatography

Oligonucleotide products were analyzed using thin-
layer chromatography. Briefly, from 1 to 2 pl of the
endoribonuclease reactions were spotted on polyethylene
imine (PEI) cellulose. Plates were wetted in water and then
developed with a solution of 0.5 M potassium phosphate
(pH 3.5).

Fluorescence anisotropy

Fluorescein-labeled RNA probes for the binding assays
were diluted to 500 nM in 50 mM sodium acetate (pH 5.5),
50 mM KCL Fluorescence measurements were made at
room temperature with a Perkin-Elmer luminescence
spectrometer LS55 and cuvettes with an optical path-
length of 0.4 cm. Measurements were taken with an
integration time of 1 s and a slit-width of 5 nm of both
excitation (490 nm) and emission (520 nm). Anisotropy
values were recorded 20 s after each protein addition to
allow the sample to reach equilibrium. The anisotropy
values are the average of ten measurements. Binding data
were analyzed by non-linear, least-squares fitting using
KaleidaGraph software (Synergy Software, Reading, PA).
The Hill equation:

AA = Bnax X" /(X" + Kj)

was used to determine the dissociation constant (Ky). In
this equation, AA is the anisotropy change caused by the
ligand binding, Bma.x is the maximum anisotropy
change, x is the total concentration of the input protein
and the exponential term 7 is the Hill coefficient.

Two-dimensional crystallization

His-tagged Nsp15 K289A was purified as described.’
The 2D crystals were obtained using the lipid mono-

layer method in conjunction with Ni-NTA-modified
lipids.®® Briefly, 15 pl of Nspl5 K289A at 0.1 mg/ml
(20 mM Hepes (pH 6.9), 100 mM NaCl, 10 mM MgCl,,
2% (w/v) PEG 3000, 1 mM NaNj3) were added to a
custom-designed Teflon well (4 mm wide and 1 mm
deep), then 0.2 ul of mixed lipid solution of 0.1 mg/ml
of Ni-NTA-dioleoylphosphatidylserine (DOPS) and
0.4 mg/ml of egg phosphatidyl choline (PC) in chloro-
form/hexane (1:1, v/v) was carefully layered on top of
the protein solution and incubated overnight at 4 °C in
a humid environment. Crystals were harvested using a
carbon-coated copper grid, washed on a 50 ul droplet
of distilled water and negatively stained with an
aqueous solution of 1% (w/v) uranyl acetate (pH
4.25). A JEOL 1200EX transmission electron microscope
(JEOL, Tokyo, Japan), operated at an acceleration
voltage of 100 kV, was used to image the 2D crystals
at a calibrated magnification of 39,900x. Co-crystal-
lization of RNA substrate with Nspl5 K289A was
performed using the same monolayer approach but
with the addition of 3.5 uM Stem-loop T, or 0.12 pg/mg
40 bp poly(I:C), or 2.5 uM rU16. Electron micrographs
were scanned using a Leafscan-45 microdensitometer
with 5.14 A/pixel at the specimen level.>! Crystallo-
graphic image processing was carried out with the CRISP
software package.®?

Cryo-EM and 3D image reconstruction

The cryo-EM data were collected at the National
Center for Macromolecular Imaging at Houston.* Briefly,
2.5 pl of purified Nspl5 K289 solution (0.2 mg/ml in
20 mM Hepes (pH 6.9), 100 mM NaCl, 1 mM NaNj3;) was
applied to a glow-discharged holey carbon grid (Quanti-
foil R2-1), blotted with filter-paper, and flash-frozen with
liquid ethane. A JEOL 2010F electron microscopy (JEOL,
Tokyo Japan) was used for data collection with a Gatan
model 626 cryostage (Gatan, Pleasanton CA). Each area
was imaged twice on a 4Kx4K CCD camera (Gatan
US4000) at a magnification of 60,000%, corresponding to
1.81 A/pixel. A close-to-focus image was recorded first
(1 to 2 nm); after 1 min, a far-defocus image (3 to 6 nm)
was recorded.

The far-defocus image is used to select particles semi-
automatically with the boxer program of the EMAN
software package.’** The coordinates of the particles
were then applied to the closed-to-focus image. The
alignhuge program was used to align the two images.
More than 30,000 particles were selected from 200
independently obtained images. The parameters for
contrast transfer function correction of each particle
set were determined with the ctfit program. After
phase flipping, the amplitude correction was done
automatically in refine command. A 3D model from
negatively stained reconstruction of Nspl5 was used
as the initial model for refinement.®> Then segment3D
was used to separate the six subunits of the Nspl5
dimer of trimers and displayed in different colors
with chimera software.®

Modeling RNA into the 3D structure of Nsp15

A 3 nt uridylate fragment from PDB (1WKS) was used
to make the rUl6 model. Alignments between the
fragments were performed so that the orientation and
distance of the bases were the same as within the
fragment. There are several grooves within the Nsp15
hexamer. The grooves between the two subunits, which
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are related by a 2-fold axis, are big enough to fit the RNA.
All the alignment and fitting were performed manually
with chimera.3¢
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